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Surface resonances versus surface states on Fe„110…
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The spin-dependent surface electronic structure of ferromagnetic Fe~110! is investigated experimentally and
theoretically. Spin-resolved, inverse-photoemission results show a complex multipeak structure close to the
Fermi level. Part of it is surface derived with an unexpected spin dependence and light-polarization depen-
dence. The puzzling experimental findings are interpreted on the basis of a comprehensive theoretical analysis.
Electronic slab calculations find surface-related features, caused by the crystal–vacuum interface, only well
below the Fermi level. Calculations of the~inverse! photoemission intensities within the relativistic one-step
model based on a bulk band structure, but with a realistic surface barrier, reveal an additional surface resonance

around the Fermi level. Its nearly vanishing exchange splitting atḠ and abnormal energy dispersion behavior
as a function of the wave vector parallel to the surface are in accordance with the experimental findings.
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I. INTRODUCTION

The discovery of new and fascinating properties that
pear in magnetic systems of reduced dimension, trigge
experimental as well as theoretical investigations to desc
the observed phenomena on the basis of the spin-depen
electronic structure.1 With decreasing size of the magnet
structures, surface and interface effects become more
more important and so does the surface and interface e
tronic structure. Photoemission~PE! and inverse-
photoemission~IPE! probe the states in the vicinity of th
Fermi levelEF , which are responsible for a variety of mat
rial properties, in particular, for the magnetic moments of
3d ferromagnets Fe, Co, and Ni. While many investigatio
are devoted to more and more complicated systems du
recent years, the present study deals with the relativ
simple Fe~110! surface whose electronic structure is cont
versially discussed up till now. Inspecting the literature
extensive IPE database is available for simple metals,
lected by several experimental and theoretical groups,2 but
only few studies deal with ferromagnets. Here we focus
the unoccupied states, using the experimental techniqu
spin-resolved IPE that has been developed into a powe
tool over the last almost 20 years.3,4

On ferromagnets, crystal-induced surface states may
rectly contribute to the magnetic properties of the surfa
provided they are exchange split with a nonequal occupa
of the majority and minority components.5,6 In contrast,
exchange-split surface states with both majority and mino
components completely filled or empty serve as sensor
the surface magnetic properties but do not influence the
spin density responsible for the magnetic moment.7–10 Since
Ni~111! and Co~0001! with their hexagonal surface geomet
exhibit surface-derived states close to the Fermi level,5,11–15

a similar behavior is expected for the Fe~110! surface with its
twofold but almost hexagonal symmetry. However, the
perimental results reported for Fe~110! so far are not conclu-
sive with respect to crystal-induced surface states. Ap
0163-1829/2002/65~18!/184412~10!/$20.00 65 1844
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from very few exceptions, the measurements are success
described on the basis of bulk-band transitions alone.16–20

One spin-integrated PE study, however, reports on a sur

state at 0.15 eV belowEF at Ḡ.21 In another PE investigation
with spin resolution, a minority surface feature was observ
at 0.5 eV belowEF at 0.5Ḡ H̄,22 which was predicted by a
tight-binding calculation.23 In the calculations, the surfac
state starts from 0.4 eV above the Fermi level atḠ and dis-
perses to lower energies along theḠ H̄ direction. Although
the corresponding majority partner was predicted as wel
was not observed experimentally. Calculations within t
one-step model of PE support the existence of a mino
surface structure, whose appearance depends critically o
particular shape of the chosen surface potential.24 Very re-
cently, spin-resolved PE finds surface-sensitive features
low EF , which are interpreted as being 3d derived.25 In
spin-averaged26,27 and spin-resolved IPE measurements28 no
evidence of a surface-state emission close toEF was found.

The identification of surface states close toEF at ferro-
magnetic surfaces is more complex than at the simple me
owing to the 3d bands.29 The unclear situation describe
above motivated us to start a detailed and comprehen
investigation of the surface electronic structure of Fe~110!.
To be able to distinguish unambiguously between ima
potential-induced surface states and crystal-induced sur
states and resonances, we decided for a combined theore
analysis, which consists of both electronic slab and one-s
photoemission calculations. The first method allows to id
tify surface states derived from bulk bands and caused by
crystal/vacuum cutoff. To deduce surface resonances, a
phisticated analysis with carefully defined criteria is need
Such an analysis must be able to distinguish undoubtly
tween surface states and resonances. Even with a succe
identification, theE(ki) dispersion that is sensitive to th
shape of the surface barrier is not expected to be reprodu
correctly. The calculated~I!PE spectra, on the other han
use a realistic surface barrier and, in addition, give the sp
tral densities because they include also the matrix elem
©2002 The American Physical Society12-1
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of the related optical transitions. Thus, we are able to
scribe the energetics of image-potential states as wel
crystal-induced surface resonances and surface states. A
comparison between both calculational schemes, in add
with a careful cross-check on the experimental data give
the possibility to extract all resonancelike surface featu
that may exist on this metal surface. The paper is organ
as follows. Section II describes the experimental details
our investigation. In Sec. III, the theoretical and compu
tional methods are discussed, which are used in Sec.
where we present our experimental and theoretical result
summary is given in Sec. V.

II. EXPERIMENTAL DETAILS

The Fe~110! surface was prepared as a 20-ML-thick b
Fe film grown on a W~110! substrate. The Fe films wer
evaporated at a growth rate of 1 ML/min from a rod that w
carefully cleaned by degasing at elevated temperatures.
cleaning process was continued over the whole experime
period to ensure also the removal of those bulk impurit
that may have accumulated with time along the rod by d
fusion. After the described degasing procedure the pres
during film preparation stayed below 1310210 mbar. Only
these careful preparation conditions ensured the appear
of the electronic surface states that are described below.
~110! surface of bcc Fe, undistorted by the lattice misfit
the substrate, is observed for films thicker than 9 ML w
low-energy electron diffraction~LEED! in accordance with
earlier work.30 IPE spectra show that the electronic bu
states are fully developed in films with a thickness of mo
than 15 ML. The substrate was held at room tempera
during the deposition of the first 8 ML and then slowly rais
to 550 K. At this temperature the deposited film was a
nealed for another 15 min to improve the surface structu

The upper thickness limit of the films investigated is s
by the thickness-dependent reorientation transition of
magnetic easy axis. For film thicknesses of more than
ML, the easy axis switches in the film plane from the@11̄0#
to the @001# direction due to the decreasing influence of t
surface anisotropy with film thickness.31,32This reorientation
transition can also be induced by adsorbates such as C
O2 at thicknesses lower than 25 ML.31 The interpretation of
spin-resolved IPE spectra hinges on a defined angle betw
the spin polarization of the impinging electrons and t
sample magnetization. In the experiment, the spin polar
tion of the electrons is a fixed parameter and is chosen
point into the@11̄0# direction of the Fe films, which is also
fixed in space. To guarantee under these experimental co
tions a spin polarization parallel to the remanent sam
magnetization, the thickness of the investigated films had
be chosen<20 ML. The magnetic state of the sample w
investigated by spin-polarized secondary electron emis
~SPSEE! using a focused electron beam for excitation an
spin-polarization detector~spin-polarized LEED detector! for
analyzing the spin polarization of the emitted low-ener
secondary electrons. The spin polarization of the second
electrons is a measure of the sample magnetization.33–36The
remanent magnetization was found in a single-domain s
18441
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along the@11̄0# direction with no indication for magnetic
domain formation.

Spin-resolved IPE provides experimental access to thk
resolved, unoccupied, spin-dependent electronic struct
Spin-polarized electrons emitted from a GaAs photocath
impinge onto the sample with a defined angle. The div
gence of the electron beam is estimated to be between 2°
5°, depending on the actual parameters of the electron
tics. The noncomplete spin polarization of about 30%
taken care of by normalization of the IPE spectra to hyp
thetical 100% spin polarization. The IPE-relevant dec
channel for the incoming electrons are radiative transitio
into lower-lying unoccupied states. The emitted photons
detected by energy-selective Geiger-Mu¨ller counters working
as bandpass detectors. The bandpass is determined b
photoionization threshold of the iodine used as counting
and the temperature-dependent transmission cutoff of
SrF2 windows. The mean detection energies are 9.4 and
eV, depending on the temperature of the SrF2 window, which
is used as a parameter to influence the energy resolution37,38

The overall energy resolution@FWHM ~full width at half
maximum!# combining the electron energy distribution an
the detector bandpass width amounts to about 0.4 and 0.3
respectively. Details about the spin-resolved IPE experim
are described elsewhere.3,39

III. THEORETICAL DETAILS

A. Electronic structure

In our electronic structure analysis we use a slab geo
etry and the full-potential linearized augmented plane-wa
method~see, e.g., Ref. 40!, albeit implemented in theWIEN97

package.41 Differently from Wu and Freeman, we have in
cluded more atomic layers in the slab calculation. This,
example, allows the relaxation of the upper layer. We a
used a generalized gradient aproximation af
Perdew-Burke-Ernzerhof42 for the exchange-correlation po
tential. To our opinion, amuffin-tin sphere size of 2.0 a.u
was used there. The surface layer relaxation in the five
layers is necessary to achieve bulk electronic proper
~spin-resolved partial charges inside the spheres, densit
states! in the central layer with an acceptable convergen
We tried 9-layer and 10-layer slab calculations; the results
the latter seem to be more smooth with regard to lay
dependent properties and therefore will be discussed be
The 10-layer slab supercell was constructed with the exp
mental value for the unit cell of irona52.87 Å and has az
dimension of 26.70 Å, that roughly corresponds to thr
missing layers separating two slab surfaces. The top la
relaxation was allowed in normal direction, which in cons
quence resulted in an interlayer distance reduced by 1
The spacing between deeper layers was kept fixed to tha
the bulk. Based on the estimated force field in deeper lay
the second layer from the surface tends to relax slightly o
wards, but we didn’t perform the full relaxation througho
the slab. The cutoff parameters for the plane-wave basis
lectionRMTKmax58.5 and for the charge-density Fourier e
pansionGmax512.0 would be probably not yet sufficient fo
2-2
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SURFACE RESONANCES VERSUS SURFACE STATES ON . . . PHYSICAL REVIEW B65 184412
a more precise total-energy-based structure optimizat
However, the band structure details, our primary concern
essentially converged with these cutoffs.

B. Photoemission

In order to calculate relativistic photoemission intensiti
we start by solving the Dirac equation

$câp1bc21V~r !1bŝB~r !2E%C~r !50. ~1!

In this expressionV(r ) denotes the effective potential an
B(r ) the effective magnetic field.b is a 434 matrix, that
fulfills b251 andâ is a 434 Dirac matrix, which is defined
by the 232 Pauli matricessk , @ak5sx^ sk ,(k5x,y,z)#.
The Dirac equation itself can be obtained from the relativ
tic generalization of density-functional theory introduced
Rajagopal and Callaway43 and Ramana and Rajagopal.44 It
can be solved using the phase-functional ansatz
Calogero45 generalized to the relativistic case.46–49From this
solution it is easy to define the atomic scattering matrixG for
a single ion-core potential together with the wave functio
for the initial and for the final state. The atomic scatteri
matrix G together with the crystal geometry determines
scattering matrixM for a single layer. By means of laye
doubling techniques the so-called bulk-reflection matrix c
be calculated, which gives the scattering properties o
semi-infinite stack of layers. Finally, applying the SPLEE
theory50–58we are able to derive the final state and the init
state for the semi-infinite crystal. According to Pendry59 we
have four different contributions to the relativistic photocu
rent, which will be introduced in the following. The atom
contribution is built up by a product between the matrixZ 1

and the multiple-scattering coefficientsAjnkm of the final
state. Hereinn denote thenth cell of the j th layer andk,m
are the conventional relativistic indices. It follows:

I a~e f ,ki!} Im(
jn

(
kmk8m8

AjnkmZ jnkmk8m8
1 Ajnk8m8

* . ~2!

For an explicit calculationZ 1 must be separated into angul
matrix elements and radial double matrix elements. A
tailed description of the matrixZ 1 and of the multiple-
scattering coefficientsAjnkm is given in Ref. 60. The intra~in-
ter!layer contributions to the photocurrent describe
multiple-scattering corrections of the initial state betwe
and within the layers of the single crystal. They can be w
ten in a similar form

I m~e f ,ki!} Im(
jn

(
kmk8m8

AjnkmZ jnkmk8m8
2 Cjnk8m8

B,G . ~3!

HereinCB andCG denote the multiple-scattering coefficien
of the initial state within a layer and between different laye
Analogously the matrixZ 2 can be separated into angular a
radial parts. The difference to the atomic contribution is t
the radial part of the matrixZ 2 consists of radial single
matrix elements instead of radial double integrals. For a
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tailed description of the matrixZ 2 and of the multiple-
scattering coefficientsCB andCG the reader again is referre
to Ref. 60.

Within the last contributionI s(e f ,ki) one takes care o
the surface of the semi-infinite crystal. In particular, it fo
lows for the surface part of the photocurrent:

I s~e f ,ki!} ImE drC f*
s~r !nC i

s~r !, ~4!

with

C i
s~r !5E dr 8Gs

1~r ,r 8!n* C f
s~r 8!. ~5!

In the case of az-dependent barrier potentialVB5VB(z), the
initial- and final-state wave fields have to be calculated
merically in the surface region, as it has been shown
Grasset al.61 Both wave fieldsC i

s(r ) andC f
s(r ) can be de-

composed intoz dependent and corresponding parallel co
ponents

C i
s~r !5(

g
fg~z!exp@ ik igi

~r2c! i#, ~6!

C f
s~r !5(

g
xg~z!exp@ ik f gi

~r2c! i#, ~7!

with the regular solutions of the Schro¨dinger equationfg
and xg to the reciprocal lattice vectorg for VB(z) in the
range2`,z,cz . The valuecz defines the point, where th
surface potential goes smoothly into the inner potential of
bulk crystal.

Final evaluation of the surface contribution gives

I s~e f ,ki!} Im(
g

eiqi•ciAzE
2`

cz
cgVB8xge

iqzzdz, ~8!

whereAz is thez component of the amplitudeA0 andq is the
wave vector of the photon field. For a step barrierVB(z)
5VorQ(z2c1z), whereQ is the unit step function, Pendry’
result59 will be reproduced.Vor denotes the constant inne
potential of the bulk crystal.

At this stage some remarks concerning the computatio
details should be given. Lifetime effects in the final and in
tial states have been included in our analysis in a phen
enological way using a parametrized complex inner poten
Vo(E)5Vor(E)1 iVoi(E). Herein the real part serves as
reference energy inside the crystal with respect to
vacuum level. For the final and initial states constant ima
nary partsiVoi(E2)52.0 eV andiVoi(E1)50.01 eV have
been chosen. The bulk potential that we used in the ph
emission calculations results from a tight-binding line
muffin-tin ~TB-LMTO! method.62,63A realistic description of
the surface potential is given through a spin-depend
Rundgren-Malmstro¨m barrier,64 which connects the
asymptotic regimez,zA to the bulk muffin-tin zeroVor by a
third-order polynomial inz, spanning the rangezA,z,zE .
The effectivez-dependent surface barriersVB

↑(↓)(z) for ma-
jority and minority spin are shown in Fig. 1. They are plott
2-3
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with respect to the vacuum levelEvac50.0 eV utilizing the
value of the work functionf55.1 eV.28 The zero of thez
scale lies in the uppermost layer of atoms. As mention
above, VB

↑(↓)(z) are of the Rundgren-Malmstro¨m ~RM!
type.64 For the real parts we have

VB
↑(↓)~z!55

1

4
~z2zI

↑(↓)!21, z,zA
↑(↓),zI

↑(↓)

s0
↑(↓)1

s1
↑(↓)~z2zA

↑(↓)!1

s2
↑(↓)~z2zA

↑(↓)!21

s3
↑(↓)~z2zA

↑(↓)!3, zA
↑(↓),z,zE

↑(↓)

Vor , z.zE
↑(↓) .

~9!

The imaginary part of the barrier potential has been se
zero avoiding the introduction of additional parameters.zI

↑(↓)

denote the position of the classical spin-dependent im
planes. The polynomial coefficientss0

↑(↓),s1
↑(↓),s2

↑(↓),s3
↑(↓) are

fixed through the requirement of continuity and different
bility for VB

↑(↓)(z).
In order to exclude artificial parametrizations for the s

face barrier, we followed the procedure described in deta
Ref. 15. The values of the three parameterszI , zA , andzE

that finally lead to a quantitative agreement between
measured and the calculated spectra are the following:zI

↑(↓)

522.00 (22.15) a.u., zA
↑(↓)523.70 (23.85) a.u., and

zE
↑(↓)520.30 (20.45) a.u.. The calculated intensity distr

butions have been multiplied with the Fermi function a
convoluted with a Gaussian of FWHM50.45 (0.35) eV to
account for the finite resolution of the experiment.

FIG. 1. Spin-dependent barrier potentials for Fe~110! from
analysis of inverse-photoemission data. The majority and mino
potential curves are shown as solid and dashed lines, respect
The originz50, marked by the dot-dashed line represents the c
ter of the first row of atoms.~For details see text.!
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IV. RESULTS

A. Spectroscopic measurements

In Figs. 2 and 3, we present our spin-integrated and s
resolved IPE data of the clean Fe~110! surface. The spectra
were taken for normal electron incidence at two differe
photon takeoff anglesa535° ~Fig. 2! anda570° ~Fig. 3!.
The spin-integrated spectra are shown in Figs. 2~a!, 3~a! and
the spin-resolved spectra in Figs. 2~b!, 3~b!. The spin-
integrated data exhibit three distinct spectral features.
first one is located in energy just above the Fermi level,
second one at 1.8 eV, and the third one at about 4.5 eV ab
EF . More detailed information is obtained from the spi
resolved data. The spin resolution allows us to identify fi

y
ly.

n-

FIG. 2. Spin-integrated~a! and spin-resolved IPE spectra~b!
obtained from a 20-ML-thick Fe~110! film on W~110!. The photon
takeoff angle wasa535°.

FIG. 3. Spin-integrated~a! and spin-resolved IPE spectra~b!
obtained from a 20-ML-thick Fe~110! film on W~110!.The photon
takeoff angle wasa570°.
2-4
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SURFACE RESONANCES VERSUS SURFACE STATES ON . . . PHYSICAL REVIEW B65 184412
spectral features instead of three. The peak located just a
the Fermi energy splits into a minority and a majority spe
tral feature. The second one is of pure minority character
is easily explained as minorityd-band emission. The
exchange-split peaks at about 4.5 eV above the Fermi l
are the well-known spin partners of then51 image-potential
surface state.65

The features close to the Fermi level appear at sligh
different energies for spin-up an spin-down electrons. Th
origin is investigated by exposing the surface to hydrog
CO turned out to be not a suitable test adsorbate becaus
contrast to experiments with the Ni~111! ~Ref. 5! and
Co~0001! ~Ref. 15! surfaces, it quenches the bulkd-band
emission as well. 6 L of H2 do not affect the minority bulk
emission but influence the features close toEF in an eluci-
dating way. The minority peak disappears completely wh
the majority peak is only partially quenched. The remain
majority feature is attributed to majority bulkd bands. The
spin-resolved spectra of the clean surface~solid and dashed
lines! together with the spectra of the surface exposed
hydrogen are shown in Figs. 4~a! and 5~a! for two different
photon takeoff angles. The corresponding difference spe
representing the surface-sensitive features, are displaye
Figs. 4~b! and Fig. 5~b!. They reveal a minority structure an
a smaller majority peak with a peculiar asymmetric li
shape. The majority peak maximum appears at sligh
higher energy than the maximum of the minority peak. T
observation is in contrast to the expectation of a simple s
split surface state with the minority-spin part higher in e
ergy than the majority part.

B. Electronic slab calculations

The electronic structure of Fe~110! has been calculated o
several occasions earlier. The energy bands of a thin
~represented by a 29-layer slab! have been calculated in 197

FIG. 4. Spin-resolved inverse-photoemission spectra for nor
electron incidence on Fe~110!. Spectra of the clean surface and
the surface exposed to 6 L of H2 measured fora535° ~a!. Corre-
sponding difference spectra~b!.
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by Dempseyet al. who used a tight-binding scheme wit
matrix elements fitted to previous bulk calculations.23 While
fine details of the band structure may be slightly different
modern calculations, the thorough discussion about the s
metry composition of different bands in Ref. 23 are still us
ful. Freeman and Fu reviewed in Ref. 66 their calculatio
done with the full-potential linearized augmented plan
wave method on Fe~110!, among other 3d metal surfaces.
They used a 9-layer slab and found an enhancement of l
magnetic moments towards the surface, from 2.22mB in the
bulk to 2.65mB in the upper layer. Wu and Freeman67 pre-
sented later a more detailed account of magnetism at
Fe~110! surface, based however on a calculation for a 7-la
slab. In Ref. 25 the authors interpreted their spin-resol
photoemission data in terms of a 23-layer slab calculati
To start with the discussion of surface specific features
their energy dispersion, we present in Fig. 6 the well-kno
band structure of bcc iron~thick dots! along with the addi-
tional bands~thin dots!, which appear due to a folding into
the two times smaller Brillouin zone~BZ! of the orthorhom-
bic structure. The unit cell of the latter one is spanned
e.g., @ 1̄10#, @001#, and @110#. In consequence, it corre
sponds to pairwise repeated~110! planes. Therefore, the sla
unit cell is constructed by these pairs. Taking into acco
more and more pairs of these planes, the Brillouin zone g
thinner and ultimately becomes two dimensional. The sh
and the labeling of the bulk~bcc! and the surface~110! Bril-
louin zone is shown in the inset. Additionally to the bul
related labeling of the high-symmetry lines in the bulk Br
louin zone, which is shown on the top of Fig. 6, the SB
related labeling is visible at the bottom.

When analyzing the band dispersion in the supercell,
singled out projections of each eigenvector onto states w
different angular momentum inside the muffin-tin radii, a
correspondingly onto plane waves in the interstitial regio
The contributions related to the Fed states in the surface

al FIG. 5. Spin-resolved inverse-photoemission spectra for nor
electron incidence on Fe~110!. Spectra of the clean surface and
the surface exposed to 6 L of H2 measured fora570° ~a!. Corre-
sponding difference spectra~b!.
2-5
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layer are emphasized in Fig. 7 by the sizes of the dots.
most pronounced top-layer Fed contributions appear in sev
eral bands in the vicinity of the Fermi level. These ban
contain no contributions from deeper Fe layers, but instea
noticeable fraction coming from the states in the intersti
region. This fact is not really surprising, since the Fe muffi
tin spheres used in the calculation are relatively small. The
fore, one can identify the bands in question as essent
surface states. Specifically, in the minority-spin channel,
speak about two bands going upwards from the Fermi le
along theḠ-N̄ direction, and another band that runs upwa
from EF along Ḡ-H̄-N̄. Similar features, shifted in energy
can be seen in the majority-spin channel~Fig. 7 left panel!.
Such surface states appear as well in the projected b
structures calculated by the scattering-wave formalismwith-
out any additionally imposed surface barrier. This point w
be discussed in more detail in the following section. O
should notice, however, that all surface states that we fo
from the slab calculation are located in energy well bel
the Fermi level when concentrating on the vicinity ofḠ, i.e.,
restricting to normal electron incidence. As it has been d
cussed above, this result is in agreement with former inv
tigations on Fe~110!. On the other hand our inverse phot
emission data, obtained in normal electron incidence, re
strong intensity distributions for energiesE>EF , which
should be related to surface features. The partial densitie
states~DOS!, resolved over Fe layers, are shown in Fig.
They have much in common with the results of Ref. 67. T
DOS in the inner layers is well converged to that in the bu
but the surface DOS is, however, markedly different:
shoulder at the Fermi level in the majority-spin DOS b
comes less pronounced, and the dips separating a prom
upper peak of the bcc structure are smeared out. The m
netic moments increase towards the surface; their value
lated to muffin-tin spheres of Fe~1! to Fe~5! are 2.47, 2.29,

FIG. 6. Band structure of bcc iron, mapped onto the bcc b
Brillouin zone ~thick dots! and onto the orthorhombic Brillouin
zone, corresponding to pairwise repeated~110! planes~thick and
thin dots!. Inset: Brillouin zone of the bcc lattice and of the bc
~110! surface.
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2.32, 2.26, and 2.22mB . These values agree well with th
data of Freeman and Fu66 for inner layers, but the magnitud
of the magnetic moment on the surface is in our case so
how suppressed, probably as a consequence of inward re

k

FIG. 7. Energy-band dispersion in the 10-layer supercell, w
the upper layer relaxed by 12% inwards. Dot sizes indicate con
butions from the surface Fe atoms.

FIG. 8. Local densities of states in the supercell, resolved
~110! layers.
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ation we take into account. The spin density in the intersti
region ~and outside the crystal! is slightly antiparallel, sum-
ming up to20.11mB . A slight antiparallel magnetization in
the vacuum region close to the surface has been already
tioned by Wu and Freeman.

C. One-step calculations

A detailed theoretical analysis within the one-step mo
of inverse photoemission gives us the following unexpec
result. There is a surface structure just above the Fermi l
with the majority part lying lower in energy than the mino
ity ones. This is shown in Figs. 9~a! and 9~b! for both photon
takeoff angles. The solid~dashed! lines represent the major
ity ~minority! parts of the total intensity distribution. Becau
of the strong amount of surface emission the minorityd-band
transition has been increased by a factor of 2. At first one
observe that the majority part of the surface structure
pends much more on the angle of light detection than
minority bulk peak does. The latter one is only slightly a
fected by a change of the detector angle. The majority f
ture exhibits a pronounced increase of spectral weight w
increasing thez component of the vector potentialAz , i.e.,
switching froma535° to a570°. The minority part of the
unoccupied surface peak does not depend so strongly onAz ,
indicating different symmetry properties of these two stru
tures. A quantitative comparison with the experimental d
requires a multiplication of the calculated raw spectra w
the Fermi function. Also the convolution with a Gaussian
appropriate in order to simulate the finite experimental
ergy resolution. The final result is shown in Figs. 9~c! and
9~d!. It is clearly observable from these figures that still so
discrepancies with the experiment exist. The exchange s
ting Dex50.25 eV calculated for normal electron inciden
is not in agreement with the slightly reversed spin splitti
observed experimentally. Also, the relative intensities, wh
we obtained for the two spin channels do not reflect
experimental findings. For example, the intensity ratio

FIG. 9. Normal emission spectra calculated for light detect
anglesa535° ~a! and a570° ~b!. ~c! and ~d! as ~a! and ~b! but
multiplied with the Fermi function at room temperature and con
luted with Gaussians of FWHM50.45 (0.35) eV.
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tween the majority and minority part of the surface state
more or less interchanged in the theoretical analysis.

To overcome these deficiencies we recalculated the s
tra taking into acount the finite experimental angular reso
tion in the electron incidence. In particular, we calculat
spherically averaged spectra considering a cone of elec
incidence, which corresponds toDu56°. The resulting raw
spectra are shown in Figs. 10~a! and 10~b! for the two photon
takeoff angles. A minority surface structure is visible, whi
disperses slightly to lower energies with increasingki . There
is also a majority surface state found, lower in energy atḠ,
which, however, disperses to higher energies while los
spectral weight. This dispersion behavior is consistent w
IPE data for off-normal electron incidence.68 According to
our calculations, in certain directions of the surface Brillou
zone, the majority state even splits into two states with d
ferent dispersion behavior. The expected scenario with
pair of spin states is not valid for Fe with its large sp
splitting compared with the bandwidth. Hybridization b
tween s, p, and d states with their different spin splitting
results in a band order that is different for the two spin s
tems and so are the conditions for surface states to fo
With the assumption of a small, but finite angular distrib
tion of the incoming electrons, the high-energy wing of t
observed majority spectral feature is explained to be cau
by the positive dispersion behavior of the surface state. T
is clearly visible in Figs. 10~c! and 10~d!, in which we show
the raw spectra multiplied by the Fermi function and conv
luted with a Gaussian of FWHM50.45 (0.35) eV. Also the
puzzle connected with the intensities of the majority a
minority surface emissions is solved by taking into accoun
finite angular resolution in the theoretical analysis. Last
not least, the exchange splitting calculated for normal el
tron incidence completly vanishes in the spherically av
aged spectra. Even the experimental finding of an alm
reversed spin splitting looks reasonable.

n

-

FIG. 10. Calculated spectra resulting from spherical averag
over the angleDu56° of electron incidence. Light detection angle
a535° ~a! anda570° ~b!. ~c! and~d! as~a! and~b! but multiplied
with the Fermi function at room temperature and convoluted w
Gaussians of FWHM50.45 (0.35) eV.
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Although the agreement between experiment and the
is quantitative in the spectroscopical sense, some quest
which are connected to the physical origin of this surfa
structure, need to be discussed in more detail. None of
surface-related structures, which we measured aboveEF , oc-
cur in the electronic structure calculation. On the other ha
they dominate the spectroscopic results. The explanation
this peculiarity can be given in terms of a realistic surfa
potential, which we only introduced in the spectrosco
analysis. This is because a self-consistent slab calcula
which accurately takes care of a realistic surface barrier,
of a surface barrier with the correct image potential behav
is by no means a trivial task and not yet generally solved
is known for a long time that the local-density approxim
tion, and probably gradient-corrected schemes as well,
not able to provide the correct asymptotics of a poten
away from the crystal surface. This is not, however, a gen
shortcoming of the density-functional theory. It has be
demonstrated, e.g., by Gunnarssonet al.69,70 that in the
weighted-density approximation, a model function descr
ing the shape of the exchange-correlation hole can be tu
in such a way as to fulfil several physically important lim
ing conditions, including the 1/z asymptotics of the potentia
outside a solid surface. Theab initio calculations incorporat-
ing the weighted-density approximation remain, howev
relatively rare and have not yet been, to our knowledge,
plied to the study of surface-related states. So far, anad hoc
adjustment of the potential barrier near the surface rem
an arguably workable alternative.

In principle, the situation restricts us in a reliable descr
tion of the surface electronic structure. Fortunately,
Fe~110! the problem is solvable since we were able to co
struct a realistic surface barrier from the spectroscopic d
This z-dependent potential may be used to calculate the

FIG. 11. Projected bulk band structure for majority-~left panel!

and minority-spin character~right panel! along ḠN̄ direction.
Shaded regions represent bulk states. Filled black circles repre
surface features.S1 andS2 denote first and second image potent
states.Sdenotes an occupied surface state. The features denote
SS1 , SS2 , SS3, andSS4 have been identified as surface resonanc
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persion behavior of crystal-induced and image-potent
induced surface structures. The result is shown in Fig. 11
the majority-spin channel as well as for the minority-sp
channel. The bulk bands of Fe projected along theḠN̄ direc-
tion of the surface Brillouin zone have been visualized by
shaded regions. The dispersion of surface-related feat
with ki is indicated by solid circles. From these figures t
situation becomes more clear. In accordance with our e
tronic slab calculation and with former investigations24 in
both spin channels, a surface feature disperses in the o
pied region of the projected bulk band structure. Moreove
direct comparison between Figs. 7 and 11, i.e., between
slab calculation and the layer–Korringa-Kohn-Rostoker c
culation, reveal a quantitative agreement in the dispers
behavior of this spin-split surface state. As a guide to the e
we marked these features by surrounding them with rec
gular frames and labeling them byS in Figs. 7 and 11. The
majority peak, which is located in energy at aboutEB

↑

52.8 eV atḠ disperses to lower binding energies when a
proaching theN point. A similar feature, also denoted byS,
has been obtained in the minority channel. This peak st
from Ḡ at EB

↓ 51.0 eV and also disperses upwards in ener
The first and second image-potential states denoted bS1

and S2 can be easily identified by their free-electron-lik
dispersion. They are totally unoccupied, pinned to
vacuum level, and concentrated with their wave functions
front of the outermost atomic layer. The exchange splitt
for the first image-potential state has been calculated to
Dex580 meV in reasonable agreement with the experim
tal value of Dex557 meV.65 It should be mentioned her
that the parameters for the spin-dependent surface barrier
to be chosen in such a way that they compensate to a ce
amount the bulk-induced splitting. Otherwise the calcula
spin splitting in the crystal induced as well as in the imag
potential-induced surface states would be overestimated
the theory. This surprising result is in perfect agreement w
a former analysis of Inglesfield and co-workers on Fe~110!.71

They found that the effect of spin polarization in the surfa
barrier is rather small and opposite to the bulk contributio
An explanation for this unexpected potential arrangemen
the Fe~110! surface had been given in terms of a negat
spin density of surface electrons at the Fermi level.

In addition to the image-potential surface states, our c
culations exhibit resonancelike structures in both spin ch
nels, which we denoted bySS1,2,3,4. For normal electron
incidence, i.e., atḠ, it turns out that the most important one
are SS2 and SS2* because these features dominate the sp
resolved inverse-photoemission spectra just aboveEF . The
spectral weight ofSS3 is very small compared with that o
SS2 and SS2* and in fact it is not separable from the bu
d-band emission, neither in photoelectron spectroscopy
in inverse photoemission. The resonancelike features
noted bySS1 and SS4 can also strongly contribute to th
total intensity distributions but only for higher angles of ele
tron incidence~emission!. This point, of course, has to b
confirmed by future experimental investigations. Last but
least, the peculiar dispersion behavior observed forSS2 and
SS2* in the calculated spectra becomes quite clear. Due to

ent
l
by
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spin-dependent band order in Fe, the spin-dependent su
featuresSS2 andSS2* have quite different band character a
cannot be viewed as spin partners any more. In the majo
channel,SS2 is located highest in energy compared toSS3

and S and therefore disperses unhindered fromEF at Ḡ to
higher energies along the gap boundary. As a consequen
pronounced dispersion to higher energies can be dete
The situation turns out to be completely different in t
minority-spin channel. As it has been observed from the t
oretical analysis,SS2* is located in energy betweenSandSS3

in the vicinity of Ḡ. BetweenSS2* and the gap boundar
exists a distance in energy of about 2.5 eV. Also, the sm
gap observable at 0.4ḠN̄ is more or less located in energy
EF . Taking into account the three points discussed abov
becomes understandable that the surface featureSS2* dis-
perses slightly downwards in energy withki . To learn more
about the symmetry character ofSS2* we repeated the spec
troscopic calculations without consideringd states. This pro-
cedure keepsSS2* alive, but with a switch from negative to
positive dispersion such asSS2. This means, the negativ
dispersion behavior is forced by the existence of thed states
appearing in the minority channel at these energies.

Kim et al.25 recently reported on two surface-sensiti
structures, which they observed in a spin-polarized pho
emission study on Fe~110! along theḠS̄ symmetry line. The
interpretation was given in terms of an increased char
density distribution in the first two layers of a 23-layer sl
representing Fe~110!. These findings definitely support ou
results because an increased charge density in the su
region may serve as a hint for the existence of surfa
sensitive structures such as resonances. Nevertheless, a
plete description of surface resonances is closely conne
with the presence of a realistic surface barrier,72 which was
not considered in the slab calculation shown in Ref. 25.

Our theoretical analysis indubitably shows that the s
face electronic structure of ferromagnetic Fe~110! not only
depends on the bulk- or slab-potential properties. On
contrary, it is dominated by the shape of a realistic surf
barrier. One point should be emphasized: for a variety
semi-infinite crystalline materials surface states have b
found but only for a few systems such as Cu~100! detailed
experimental and theoretical investigations61,73 were able to
identify resonancelike features. One explanation may
found in the experimentally prepared surface conditio
Only the very clean Fe~110! surface exhibits surface reso
nances, which were not observed in former IPE investi
tions on Fe~110!.26,28 In our experiment, we deposited ultra
thin Fe films on W~110!, while in earlier experiments the
~110! surface of a bulk iron single crystal with its bulk im
ur
lt-
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purities had to be cleaned. In other words, one needs a
clean and well-prepared surface to be able to detect a r
nancelike structure. In addition one has to keep in mind t
the resonance observed on Cu~100! is essentially ofsp char-
acter, whereas the resonances, which we found on Fe~110!
are mainly related to relatively narrowd bands dispersing
around the Fermi level. This explains why the intensity d
tribution of the resonancelike feature on Fe is much m
pronounced than on Cu, even dominating the spectral di
bution at Ḡ against the ordinary bulkd-band emission in
iron. Since this behavior is not expected to be an exclus
characteristics of Fe, corresponding analyses for other
ments are under way.

V. SUMMARY

In our study on Fe~110!, we have observed a comple
surface-state behavior at a magnetic surface. In additio
the minorityd-band transition and the exchange-split, imag
potential state, a third structure was observed on Fe~110!
located in energy just above the Fermi level. This peak, id
tified as a surface resonance, reveals an unexpected
splitting and a peculiar dispersion behavior. Due to the sp
dependent energetic band order in Fe, the two surface
tures have quite different band characters and canno
viewed as spin partners any more. Since slab calculation
not include a realistic surface barrier yet, they could not
produce the experimentally observed features. One-
model calculations including a realistic surface barrier w
parameters given from the experiment are able to model
experimentally observed situation. Since, however, only s
calculations can provide layer-dependent magnetic mome
it is not possible to draw a conclusion about a possi
surface-state contribution to the surface magnetic momen
Fe~110! at this stage. Combined experimental investigatio
below and above the Fermi level are needed to learn m
about the impact of surface states on the magnetic beha
of surfaces. Our study shows that layer-dependent, s
density calculations that include a realistic surface poten
are necessary to describe the surface magnetic propertie
the basis of the spin-dependent electronic structure.
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